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Ever since the use of wind tunmnels first began to give some
sort of quantitative datad on the comparative performance of aero-
foil sections, there has been warm dispute as to the best methods
of treating the data thus obtained and as to the most useful cri-
teria for judging the relative merits of various sections. Al- .
though scores of such criteria for comparison have been deﬁised
and have becn advocated with enthusiasm by their inventors, none
of them have gained universal acceptance, and indeed, it is evi-
dent that there can be no single formula for judging the aerodyl
namic merits of wing sections, even if structurai considerations
be left oﬁt of reckoning entirely. The factors entering are far
too numerous, the conditions under which %he wings have to work
on different tyves of airplane are too diveise, to permit of the
decduction of any single formula which will automatically point
.the way to the pest section in all cases.

The subject of choice of section is by no means a closed one,

and despite the impossibility of making a single rule serve, it

is quite practicable to deduce in a strictly rational manner a
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series of rules and formulas which are capable of being of the
greatest use if we but confine ourselves to the consideration of
one element of performance at a timse.

There are seven such elements of performance which may be
taken up in turn, the éeven being of different relative import-
ance in different types of airplaneé. They are:

(a) Maximum speed, regardless of minimum
(b) Maximum speed for giyen-minimum

(c) Maximum speed range ratio

(d) Maximum rate of climb

(e) Maximum absolute ceiling

(£) Maxirmum distance non—stop.

(g) Maximum dur_ation non-stop.

Each of these in turn will be treated sewarately. (a) and (b)
obviously cannot both apply to the same airplane, (a) really be-
ing applicable only to racing airplanes which are always to be
landed on good fields and where fhe landing speed.can accordingly
be increased t0 abnormally high figures.

A, GChoice of Wing Section for Maximum Speed,
Regardless of Minimum.

If the design is to be made with maximum spead as the sole
desideratum, obviously the sole redquirement is that the drag shall
be as small as possible, and since the loading and arsa can be ad-
justed so that the airplane will fly ‘at maximum L/D at maximiie7d

this 1s equivalent to choosing for maximum L/D alone. Flying at
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maximum speed at maximum L/D, however, entails landing at about

7G% of the maximum sreed.

-

In the more common case where a minimum area is initially
fixed and the best wing section is to be chosen for that area and
and a given weight, i1t is necessary to take account of_thé power
and weight in order to determine the angle of attack at which the

alrplane flies at maximum spesd. A% maxinmum speed

_ P
0,V ___-S—“é and (CpS + COg) 3 ¥° = 5507
2

where GR is the coefficient of parasite resistance for the whole
airplane, P +the engine horsepowser, and N the propeller effi-
clency. V 1s the speed in ft. per sec. and S is given in sq.ft.
If we assume that the parasite resistance is one-half of the total
resistance at maximum speed and that the propeller efficiency is

80%, the second eguation becomes:

P 3
230p5 SV z440°F

440 P _- 186,000 P
e s S

CD Ti.'ra =

From the equation of 1ift

/W
MRVA N

Combining the last two equations, at maximum speed

W N\3/2 _ 440 P
¢ - ! =
D (.CL _r;’ S/ s

Cp® _ (440)° pP® 8 _57.5P° 8
Cy,” 8 W* e
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a relation which makes it possible to determine approximately
the conditions under which a wing will woTk at maximum speed of
a given airplane without the necessity of making detailed per-
formance calculatione in advance.

The object is to secure as high a wing efficiency as rossi-
ble at the maximum speed of flight, or, since resistance is ejquel
to weight digided by L/D, to secure a maximum L/D at a prescribed
value of %§§¢ The choice of a wing for maximum speed wifhéa

given area can therefore be made by plotting L/D against E%%

for several aerofoils., The best wing section is that which has
57.5 P® S

WS >
conventional types. On cantilever-wing designs and others where

the largest ordinate at an abscissa equal to for

it is evident that the parasite resistance is less (or more) than
one-half the total the constant may be ﬁodified dccordingly. In

cantilever racing monoplanes, for example, 85 may be used instead
of 57.5. Iﬁ comparing sections for a given design, however, the

same constant should always be used throughout.

In ordfr to illuétrate-the use of this method, curves of L/D .
against %%? for a number‘of sections are plotted in Fig. 1.
Taking, for example, the case of a 300 HP pursuit airplane weigh-
ing 2500 lbs. and having 2340 s4.f%. of wing surface,
ézé%ng_ﬁ = .0795, Erecting a vertical on Fig. 1 at this abscissa
it is clear that the best results are given by the U.S.A. 186, 17,

and 21, and the R.A.F.15.
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B. Cholce of Wing Section for Meximm Speed

with a Given Minimunm.

This case may alsc be treated in two different ways, depend-
ing on wnether or not allowance is made for changs of weight ith
changing area. We shall first assume the weight to be fixed in-
dependently of wing section and area.

In this case, the wing loading is at oncé given by the edqua-

tion:

but 8§ is now a variable and can be eliminated by using the eGua-

tion of landing speed.

g = Crpax, v;in.
S 57.5 P° _ 48400
o> ¢ V.. W oz 2 =F
L  Cimax. Vmin. ¥ ¥ 3  COlpmax. Vmin. W 3

Taking the square root of-each side.

C1,
Tp _ % % Vimin,
= 30
/’ELmax &
A, CL

The wing giving the lowest resistance at maximm speed under these
conditions can therefore be found by plotting L/D against

——lﬁlL——: and noting the ordinates at the point where ithe ab-

Clmax.
Cr
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scisga is 1/150 of the power loading times the minimum speed, oz,
C 2
alternatively, by plotting against E%g and comparing the L/D
ratios at the points where the abscissa is edual o
48,400 P°

<
Clmax. Vmin, W
wing sections,

this abscissa being different for different

As an illustration of this method, the same problem may be
used as was employed in case (4), specifying a minimum speed of
80 m.p.h. in place of an area of 240 sq.ft. Tabulating the ze-

sults for the several wings:

48,400
Name . ClLmax. Olmax. Vmin. v L/D
U.S.A. B 1. 2380 . 1005 6. 59
15 1.184 . 1083 7.28
18 . 998 » 1304 - 7.38
, 17 1.082 « 1193 7.81
. 81 . 913 . 1419 7.34
87 1,411 . 0918 7.03
U.S5.A.T.8S. 5 1.512 . 0858 8.81
10 1.732 . 0747 6.46
13 1.2924 . 1C03 ' 8. 34
R.A.F. B 1.200 . 1080 6.78
.15 1.109 . 1161 7.40
Gottingen 387 1.640 . 0783 6.383

The comparisons so far, based on the assumption that the
wing drag is a fixed proportion of the total, indicate that the
ratio of effective parasite resistance surface {equivalent flat
plate area) to wing area is larger in the case of a thick wing
with & large drag coefficient than in the case of a thin winé.
This conclusion 1is correct in respesct of the fuselage, the resist -

ance of which decreases proportionately less rapidly than does
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the wing area when the latter is changed. The resistance of Tne
interplane bracing, however, is generally a much smaller fraction
of the wing drag for thick wings with high drag coefficients than
for thin sections.  The method employed 1is, on the whole, unfair
to the thick sections. A possible glternative is to use EB‘%LTBE
instead of L/D, as a criterion of efficiency, assuming that the

- (%
parasite resistance for the whole airplane is. .O4-§ 8 V® in all

cases, A Ybeing the wing area. It can readily be shown that, on

] 2 . ¢
this assumption, (gbcza‘04) = 250 ;3 S 0 5 L oL must there-
H ot .
Cp + .04y2 D
(D ); This has bean done for 13

fore be plotted against 3

C
sections in Fig. 2. In orderLto avoid confusior among the 1arée
number of curves, the R.A.F.8 and 15 have been indicated by points
only. On the whole, this method of conmparison if fairer than
that previously described, especially where sections of widely
vary&ng thlickness are to be compared. It will be noted, however,
that the conclusions drawn from Figs. 1 and 2 are not very differ-
ent, “the relative rank Qf the sections being rmuch the same excepd
that the thick sections show up better by the method of Fig. 3.

As a specific example, the problem just sclved by the first
method will be treatéd by using Fig. 2. Ths numericél value of
the abscissa for esach ssction must then be just four tlmes as hig:h

as in the first case, and the corresponding efficiencies are as

tabulated bhelow.
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Section GD + .04

U.S.A. 5 2,25

15 3. 3%

18 3,23

17 3. 25

21 3.09

27 3,39
U.S.4.T,.8. 5 3, 48 '

10 3.33

13 3.16

R.A.F, 8 3.33

15 3,33

Gottingen 387 3.45

The six best sections by +the two methods, arranged in order

of merit, are:

Rank By Filg. 1 By Fig. 2.
1 U.S.A. 17 U.S8.4.7.8, 5
2 R.AF, 15 Gottingen 387
3 U.S.A. 16 U.S.A, 37
4 U.S.4. 15 R.A.F, 15
5 U.S.A. 21 U.S.A. 15
6 U.S.A. 27 U.S8.A.T.S. 10

Turning now to the derivetion of a formula to take account
of the change in weight with varying avea, it cen be shown that

the total weight of an airplane is aprroximatsly proportional %o

81/6, other things veing equal, where A 1s the wing area.

The equation of maximum speed then bescomes:

op® _ 57.5 P s _57.5 P° /s
C5 (K S:/.:):" K3 S

3
J

If W, and S, represent the irnitial weight and the corzes—

ronding area for some particular wing section,
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.Wo = K 84 |
'_ w3 _ - . GLma,X.p
- S
o)
Since the CLnax. in this last equation relates to a partic—

vlar wing sectlon, that for which W, and S, are taken, it must
be a constant. Taking 1.3 as ah average value of CLmax. and sup-

stituting. and then combining the last two egduations,

K = .039 Wy Vyin.

s o [T
Cp® _ 57.5 P° / /P _ 43,8C0 P / CLrax.
. = = . 2 s5/2

Neglecting the small difference between A//W and V/Wo in any

particular case, this becomes:

Cp® _ 43,800 P°
3 2 2
Cr, V/CLmax. Vain., Wo

In this case, since the weight is not a constant, it does not suf-
fice to compare values of L/D.

Resistance at maximum speed

w % S1/5 _ g K WI/'G
> = 3 78 plve
/D L/D L/D % Vgin., Olpax. (3)

Neglecting the small changes which would occur in WY®, it be-
comes apparent that the minimum total resistance for a given wsigk:

power and minimum speed is given by the wing which has the largest
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value of L/D %

6 :
~/0Lmax.' at the point where

v

Cp° _ 43,800 P”
=] = -2
GL I CLma,x. vmin. WO

Since GLmax has a single definite value for each section, this

comparison, like the preceding one, can be made by plotiing L/D
2

against the ordinate being read off at the appropriate

Ca:
abscissa fgr each wing section and each ordinate so determined be-
ing multiplied by 6/ CLmax.‘

Treating the same illustrative problem as before, tabulating
the various guantities involved for each section, a new order of

merit is obtained.

/ €

Section CLmax V'GLmax V/CLmax,
U.8.A. 5 1,280 1.133 1.0423
15 1.184 1.088 1.038
18 . . 993 . 3986 . 9998
17 1.082 . 1.040 1.013
51 . 913 . 955 . 985
a7 1.41% 1.188 1.059
U.S.,A.T.S. 5 1.512 1, 330 1.072
10 1,733 A1, 317 1,096
13 1. 294 1.138 1,044
R.AF. B 1. 300 1.085 1.031
15 1.109 1.053 1.017

Gottingen 387 1.640 1.280 1.086



2= Y. €/
Section N fLma,x. vmin. WZ L/D L/D x GLmaX-
U.S.A. 5 . 100 8.80 6.87
15 . 104 7,37 7.58
18 114 7.67 7.586
17 . 108 3,01 8.11
31 .119 7.73 7.81
a7 . 095 8.83 7.34
U.S.A.T.8. 5 . 093 6.65 7.13
10 . 086 B6.14 6.73
13 . 100 8. 34 6.63
R.A.F., 6 . 104 8.87 7.08
" 15 . 108 7.60 7.73
Gottingen 387 . 089 : 6.686 7.33

The relative merit of the sections as shown by this table is
almost identical with that determined from the analysis with
changes of weight ignored. In all practical probléms the simpler
type of treétmeﬁt; by which the relative efficiencies are read
off directly froé the L/D chart, will suffice.

| This case, like the one in which the weight is assumed con-
stant, can readily be treated on the assumption of a fixed para-
gite resistance coeffic;ent in place of that of a fixed ratio of
parasite resistanée to wing drag. As has just been shown, how-
ever, the differsnce between the resulss with the two assumptions
is so small that it would hardly be worth while carrying tirough
another example.

These methode of comparison, while accurate, are rather com-—
plex, and it is worth while seeking a somewhat simpler device.
Such a device can readily be obtained for the case of landing

speed and constant weight. Writing the equation,
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D ClLpax. - Op

Since all airplénes having a speed ratio of Ifrom 1,9 to .8 (all,
in short, except a few with an exceptionzlly high powsr loading)
fly when at maximum spsed at an angle of attack close to that of
minimuim drag, and since the drag coefficient curve is very flat
in the neighborhood of its minimum ordinate, 2ittle error will
result from inserting CDmipn, for Cp in the above equation. In
general, therefore, the wing best suited for maximum speed is
that for which the value of g%ﬁ?if is highest. The value of
this ratio has been tabulated below for a few wing secticns, 211
tested at thé Massachusetts Institute of Technology wind tumnel

under the same conditions.

O,
Aerofoil Cﬁg?i.
U.S.A. B 44,9
' 15 53.Q
16. 52. 9
17 60. &
21 52.7
a7 50.7
U.S.A.T.S. B 43.86
- 10 36.8
13 35.0
Gottingen 387 44.5
R.A.F. 6 . - 43.0

15 B7.8
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C. GChoice of Section for Maximum Speed Range Fatio.

Friting, as in (b)), the equaticns of maximum and minimum

speed, with appropriate allowance Zor dependence of weight ..vuw

on ares:
-3 - 230 F
%) ‘rmax. - g g
5 .
(=
v = / 48,400 P
max. _8) 82 ot =2

v 7 W
nin. dimax S:B Lg>3

° 6 = 4 P2 S 0*3 6 / 2 3
Vinaz. = ‘///4§’ 00 “nax. = /é'?'SaP S i}max.
Vmin. wa-dDz . 4 W C'p

nal T
i

Substituting K 8Y° for W,

B 2 é 12 .
Vaax, - / 57.5 P Clpz o /s
Vmin, K C'p .

It therefore sppears, since & 1is a variable quibe inderend~

ent of all the rest, that speed Tange ratio can be Increased with-
out limit by a sufficient incrsase in wing area. The gain is, how-
ever, very slow, an increase of 50% in ares raising the ratio by
orly 4%. The cbmparison of wing sections can be made most reason-
ably by assuming a constant area. If this be dpne, the best sec-

C1,
tlon is that giving the naighest value of -ETQ%EL, where OC'p isg
D _ _
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the drag coefficient at .an angle so chosen that

[ 2 3 - P, =
57.5 P° Orpay. % If/ S = /CLmax.
K® ¢'p® - Cly,

Since S 1is assumed to have been initially fixed, both S and

W can be considered as constants, and

. Gip® 57.5 P° S
C'La WS

the same condition as was initially found to define maximum hoif-
- C
gontal speed in case (a). The original plot of L/D against '6%%

can therefore be usgd, the angls of attack which gives the appro-
priate value of Efr' be?ng determined and the cube of the maxi-~
mum 1ift coefficient of the wing under consideration being divided
by the square of the drag ccefficient at the angle thus deter-
mined. The best section is the one showing the largest value for

this quantity.

Returning to the eame problem as before,

5 L4

228 = Loves

ﬂJUl
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o HBEe

Section Tpex. /o) S'n ¥
U.8.A. 5 1.290 8, 52 .0443 1818
15 1. 184 7.238 0225 1306
18 . 993 7.38 L0314 793
17 1.6823 7.81 . 0233 1336
31 913 7.34 . 0318 816
a7 1.411 7.03 . 03585 2039
U.S8.A.T.8. B 1.513 .81 . 0400 22319
_10 1.733 6,43 . 0487 2858
13 1.2%4 6. 34 . G484 1121
R.A.F. B *1. 200 - 6.78 . 0404 1090

" 15 1,109 7.40 . 0310 1133 -
Gottingen 3E7 1,640 6.93 . 0380 3956

The advantage in this comparison clearly rests very strongly
with the thick, high-lif+t sections,
r  If the assunption of constant parasite resistance is made,

the problem becomes to find the wing witih the highest value of

3
C Loz,
(C'p + .04)

=z where C'p is determined by the condition:

=2 2
(C'D + .04)"_ 230 P°S
C'L W
This solution would show the thick wings, all of which have
high minimum drsg coefficients, in an even more favorable 1light

.than the preceding one.

D. Choice of Section foxr Maximum Rate of Climbp.

Although the air speed for best climb is not in‘general iden -
tical with that for minimum power fequired, nevertheless the two
are close enough together so that the problem of securing a max-
imam rats of climb reduses itself essentially, rrovided that the

weight remains constagt, to the problem of cubktiing down to as low

a value as possible the minimum power required for horizontal
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flight.

The rate of ciimb can be exprsssed by the equation:

~ 3
T_}_:_(CDD'I'CR)_ZQV
o W

G::

where ¢ 1is the rate of climb.
If it be assumed that the parasite resistance is 40% of the
total resistance under conditiocns of best climb and that the pro-

peller efficienby is 75%, the equation becomes:

_413P 5/2ChpsV _4123P _ 57V
W o, §V° W 3 L/D

¢

In this case, as in that of maximum speed, the area may be
treated either as a constant or as a variable. If S be taken
a3 fixed at the same value for all wingse W 1is also a constant,
and the problem beccmes simply one of making -Qég as large as

possible.. With W and 8 constant,

- 1W /_1
v A/Q'S' ® Cr,
3

/DL L
T %p* J/ C

and the maximum value of this function can be found by rlotting
it directly against angle.

For a mcre accurate analysis the eQuation given above is not
quite satisfactory, as it leads to emphasizing the properties.
which the wing possesses at an angle smaller than that of best

climb. It is better, instead of taking the parasite resistance



cpefficient as a certain praoportion of the wing drag wefficient,
to take it as ar additive constart. The average value of this
constant as already ncted, is .04 A. Therefore

413 P (Cp + .0%) -es e _ 413 P (Cp + .04) V

C= :
f - 2 gv° W C
W uz L
If the weight and area aze coustani, therefore, the best w}ng for
3/2
climb is that which has the lazgest maximum value of 5 4+ .08 °

a function the mazimum value of which for each section must be
found by computing it directly for a few angles and plotting
against angle. C

If the area is allowed to vary without restriction, the
welght being assumed to depend on area in the same manner as here-

tofore, the eduation becomes:

/ 1/6 /
o=24%12 _ (Cp+ .04) P2CL -

412 P (Cp + .04) /FI
XS 1786 S5/12 CLa/a,p i/ 2

\'é)
a6 _ _69P 5 (Opy.08) JE
- =78 e G
as ks’¢ = 13 8% @)

considering OCp and C; as constants. For maximum climb

69 P - 5(0D+ .08) /;{

~J& in7iz

KS i2 8
@

5.61 P _ (Cp + .04) /K
K Sv/é‘ S 1'7/12 GL'

5.61'P 8§%* Gp + .04

Ks/z = a 372
L
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Substituting the value thus dstermined foxr 81/4{

3 v 3/2 T
oo 2 "412 P (Cp +.04) /K 5.81 POy b

— X =
1/6 | 3/2 p, 372 ~3/2 )
s LK Oy, = K (Cp + .04) |
L, 412 P _ 168 P I= 46 P _ 248 P
s K K | ks¥® W
r T =27/
gi/s _, (Cp + .04) KS/z! =72
. 372
. 5.81 P Cf B
— / -
2% omr PSR g

246 P 5,61 P ;272 |
C = 3/z

K [(0p+.04) K C(op + .04)%7® K7

GL3/2 2/3

w7y PpB/3
(CD + .O4>

X

The values of K for a few modern airplanes are tabulated

telow
£
D.H. 4 1300
Vought V.E.7 8230
Curtiss JN4D 760
Fokker D7 800
Marsin Bomber 3200
Handley-Page (4-engined) 8550 ‘
Thoma.s-Morse MB3 830
further g, 372

As a /basis for comparison, the mwaximum values of ————
Cp + .04
hare been calculated for several good aerofoil sections, all of
which have been tested under the same conditionsat the Masgsachu~
setse Institute of Technolcgy, and arve %satulated at the end of this

section.

As illustrations, the theoretical best area will be calculat-
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ed for airplanes of the tyve of the Vought and Uartln bomber

assuming the U.S.A.15 wing to be used in both cases.

Vought -
’ 4
(cp + .04) K®'?
S = 373
5.61 P Of,
22_27%9% = 815" = +116 (See table).
CL + 00
K = 830 .
P =180 . -
A = (2.68) = 51 ft.
Martirn
K = 3200
P = 800 . N
4 K
= . 3200 X 56.8\ = (4.84) = 480 ftZ
4 = (.116 ¥% S2E .
- 5,61 x 800

It will be observed that these optimum areas are far below
those actually employed, and we conclude that the rate of climb
at ground level could be materially improved for most present-day
airplanes by decreasing the area. This, however, would be very
injurious to the ceiling and to the rate of climb at high alti-
tudes. If the best area is %o be found for rate of climb at
10,000 f£+t., for example, instead of at sea level, the engine
rower being reduced by 38% and thé power required for flight at
a8 gZiven argle of attack being increased by 18%, the equating to

zero of the derivative of the rate of climb gives:
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73 x 69 P _1.18X. 5 (0p + .04} /K -
¢ ’ 7 17/12 3 /3 (9_) 172
GL \2

ES 13 S

2.43 P SY¥4 _ Cp + .04
KS/Z GL372

The best area for rate of climb at 10,000 ft. is therefore 6.55
times as large as for rate of climb at sea level. This works out
at 330 sq.ft. for the Vought, 3030 sa.ft. for the Martin, the
firet figure slightly larger, the second much larger than the
areas actually emrloyed. The optimum area for any given type of
. airplane runs up very rapidlylas higher aifitudes are considered,
approaching infinity as the ceiling is approached.

Whatever altitude may be taken as a basis, however, and what-
ever may be the type of ailrplane, the aerofoll section which gives
the best rate of climb with a free choice of area is the section

. . 372 .
which gives the largest maximum value of E£—~——; and .04 is a

Ch +m
good average value for mn.

It should be remembered, of course, that this discussion has
been based on an implicit assumption that the propeller, as well
as the wing section, is to be chosen for climb alone. If this
were the case, most airplanes would climb best3§§ an angle of aﬁ—
tack of about lOo, tnder which conditions GCL

_ D + 04
maximum. In service airplanes, however, the propeller is usually

reaches its

designed for best performance in the neighborhood of the maximum

horizontal speed, and the propeller efficiency falls off raplidly



with decreasing speed of flight. The best climb in actual prac-
o _.

tice is therefore obitained at an angle of attack of about 6~ atv

sea level in most cases, and the wing performance in terms of

bower consumed under those conditions is approximated to by the

A, 372
maximm valus of o s- as already noted.
D
There are, then, two excellent criteria of rate of climb,
CLB/S CLs/z
the maximum value of EB—:—?BZ and that of g The first is

especially sulted for judging performance at high altitudes and
for use in connection with airplanes which have a very small speed
"range ratio, or which, like some commerical and bombing types, are
designed for economy rather than for exireme speed and celling
and which accordingly employ propellers giving‘their best effici-
ency at a speed considerably below the maximum.

To facilitate comparison, both criteria have been tabulated

together for a dozen good wing sections.

3/2 /
G, Cr,27%®
Ch + .04 _ Cp
U.S.A. 5 .05 13.31
15 e.63 13.13
18 7.75 12.33
17 8.29 12. 51
31 7.03 13,38
27 9,05 15.38
U.S.A.T.8. 5 - £.853 11.78
10 e.31 . 12,59
13 8.79 11,92
R..i.F. 8 8.49 12.869
15 8. 10 12.06

Gottingen 387 9.231 13. 33
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If the wiﬁg area, Iinstead of being varied at will, is kent
constant, it 1s obvious that maximum climb reduces simply to a
Question of minimum powsr consumption, and that the same two
criveria hold as in the previous case, with the same géneral Tule:
governing the choice between them. The numerical relations be~
tween the climbiﬁg speeds with any particular pair of aerofoils,
are, however, very different for the fixed and for the variable
area,

The case of best glimb for a given landing speed is rather
complex to treat, and arises so rarely that discussion is hardly

wozrth while.

E. Choice of Wing Section for Haximum Abesolute Geiline.

In this case, as in the last one, it will be assumed that
the best possible propeller for the ,particular characteristic un-
der examination is employed.

It can readily be shown that the best rroreller for celiling
is one which causes the curves of power evailable and power re-—
quired to meset at the celling in such a way that their common
tangent is horizontzl, as shown in Fig. 3. Furthermore, it ap-
pears thnat if such a propeller is used, the celling depends only
on the ratio of maximum power available at sea level to minimum
power reQuired at sea level.

Since power available is dependent neithser or wing charac-
teristics nor on weight, the requirement for maximum ceiling re-

duces itself to a simple matter of keeping the minimum power re-
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quired for horizontal flight as small as pcssible. . This condi-~
tlon has already beern treated Tor the case of a fixed wing area,
under (D), where it was shown to be roughly true that minimum

power is/required with the section which gives the largest valuve
CLs 2

Cp + .04 °

It is impossible to find a "best area" for ceiling, as was

of

done for rate of climb, as it is theoretically possible to in-—-
crease the ceillng without limit by sufficilently increasing the
area. A practical case which does arise frequently, however,

is that in which it is desired to obtain maximum ceiling in con—
Junction with a given maximum speed. In order to secure the same
maximum speed on the same type of airplane with several differ-
ent wing sections, the areas must obviously be different. To de-
termine the area for a given maximum speed wﬁth each section, the
analysls undertaken in the early part of the paper must be carriec
further.

It has already been shown that

Op° _57.5 P /8.

CL3 KS

and

= WV _EKEV_sVe
220 P 220 P

L
D
if the weight be assumed proportional tc the sixth root of the

area. Therefore,

2

Cp .

¢’ _ 110 (10 P)°
T L
+ 01, \

Cp /
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If a value of V De chosen and K te assumad and the power

is known 1t is now possible to solve for -

Cp
_3

Cr,

ELa
(%)

and the point at which the prescribed value occurs for any nartic-

ular section can readily be determined by trial from the curve of
2

% against Egg, dividing the abscissa by the cube of the ordi-
1,
nate. This point being located, the abscissa is multiplied by

the square of the ordinate to find the 1ift coefficient and so

L

the area.

2 e 2 o2 P o8/8. =2
o c O 1. 58V 357 58 7

€  op/ ¢ W Ks¥* K

r N /s

K op? . LG C
8 = X—%—X—)
G ‘D/ |

ey
3

The maximuim area permitting of a given maximum speed is thus de-
termined.
The minigum HP required is:

3

_(Gp .08 85V (0p +.08) 5 T

min. 550 550 53720377 (2
| 3

(op + .04) K°72

P
3/2¢ 1/ 4
18.9 Cp, 2’3

P
2 =
a/2

The section giving the best ceiling with a given maximmum speed is
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. - . Cp + .04
therefore the one giving the lowest minimum value of E§%75—7574 P
L

where A 1is calculated in accordance with the procedure descrid— _

ed in the_preceding paragraph. .

To illustrate the use of this method, another probvlem will
be worked. Given a pursuit airplane with a 300 HP engine and K
edqual to 1000 (the value corresponding to a weight of 3500 1bs.
and an area of 240 sq.ft.), the problem is to choose the wing
section giving the highest ceiling in bonjunction with an air
speed at sea level of 140 r.p.h., or 2305 ft. per sec. This prob-

lem, like the preceding ones, can best be solved by systematioc

tabulation.
B
1240 (10 P)° _ 6110 (3000)° _ 400173
K® ve 1000~ x 305°
Sedti . % .1 . A ¢ Min, D T 0% oo
ection T D : n. 65575‘2;V4'
U.S.4. 5 ° .0723 - 7.53 . 198 .0294 . 4
15 .0840  7.93 2€8 .0285 . 3
16 .0924  8.18 335 . 0305
17 . 0962 8.21. 344 . 0330 . 1
21 . 0957 8.20 - 340 . 0331
27 . 0743 7.61 210 .0290 . . 3
U.S.A.T.S. 5 . 0676 7,37 174 .0311
10 .0595  7.03 133 .0315-
13 .C664  7.31 168 .0317
R.A.F. 6 .0750 7.85 215 .0308.
) 15 .0891  8.09 203 L0298 . . . . 5
Gottingen 387 .0874 7.34 171 0299 . . . . 8

The thin sections thus appear to have some advantage over
the best of the thicker ones, but, as already pointed out, this

method hardly gives due weight to the great structural advantages
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of the thick section. A somewhat fairer comparison between sec-—
tions of widely different thickness can be made by assuning a
constant reeistanoce coefficieni of .0001 throughout. It is obvi-
ous from what has gone before that if this be done the limiting

condition at maximum speed becomes:

L

2
62, 100 (10 P) (GD + .04)
3

K" v _ Cy, )3
Cp + .04

and the area equation is:

(c 04)
5= [\?XD-‘- (GD+ Oé)J

while the final crijterion of.merit is the minimum value of

s/s

Cp + .04

—— s 374 o8 beiore.
¢, 8

The illustrative problem may now oe attacked anew by this

method.

5
82.100 (10 P} - o035,
Ks va
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oiei (op ¥ .04)° Cy, s pim OmE 0% ponw
Section : GLd . Op 4 .04 : O[> 5 V4,
U.S.4., 5 .281 3.71 185 L0300 ... 2
15 . 302 3.79 213 L0303 ... 4
18 . 508 3.81 230 .0336
17 . 304 3.80 215 .0315
31 . 302 3.79 213 . 0372
27 . 266 3.73 190 ,0298 ... 1
U.S.A.T.8. 5 .275 3. 68 175 ,0311 ... 8
10 . 250 3. 56 145 .0310 ... 5
13 . 266 3. 64 166 . 0317
R.A.F. 6 .286 - 372 190 . 0318
15 . 305 3.81 217 .0321
GOttingen 387 . 268 3,84 187 .0301 ... 3

The order of merit of the best ssctions is somevhat differ-
ent from that determined by the first method, although four of
the sections appear among the best six in both tabulations.

Some judgment must be used in deciding which table to employ, the
choice depending on the nature of the structure and the extent to
which parasite resistance can be reduced when the wing section isg
thickened. Furthermore, thin sections with high minimum drag co-—
efficients, such as the U.S.A.5, should be viewed with suspicion
when they give very much better relative results by the second
method than by the first, as the proportional reduction of total
parasite resistance in chenging from the U.S.4.15 to the UT.8.A.5,
for example, would not be as great as the reduction of area.

The type of problem just solved is tﬁe most important one
possible in a high altitude pursuit airplane. It aprears clear
that among the twelve sections considered, "the beat suited for

use on such an airrlane from the standpoint of performance alone
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ie the U.S.A.27, with the COttingen 387, U.S.A.15, and U.S.A.5

following in that order.

F. GChoice of Wing Section for Maximuwm Radius of Action.

Again supposing the propeller to be working at its maximum

efficiency, problem of radius of action is one merely of mininmum
registance, or, in other words, of maximum L/D of the airplans.
Since for a fixed efficiency of propeller and power plant, a
definite proportion of the heat units in the fuel reappear as
useful work of propuleion, and since this useful work is equal

to the product of resistance by distance flown, the d&istance pos-
sible w ith a given weight of fuel is obviously inversely propor-
tiomal to the resistancs. ]

If the coefficient of total resistance in terms of wing ares
be taken, as before, as Op + .04, (this assumes the equivalent
flat-plate area to be 3.1% of the wing area), the total resist-
ance of the alrplane is: |

w_
C
Cp + .04
This is obviously a minimum for minimum area, and the radius cf
action would therefore be increased by clipping the wings if the
amount of fuel carried remained constant. If, on the other hand,
the proportion of fuel weight to total weight- is constant the

radius of action is independentt of weight and area. In actual

fact the proportion of welght carried as fuel increases with in-
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\\

creasing area, and the radius of action is therefore actuaily
largest when the area is largest. Vhaterer ares may be selecisad,

Lhowever, the best wing section is the one giving the largest nax-
CL,
Cp + .04

e number of sections.

imum value of a function which is tabulated below for
It is obvious that the requirements for covering a given
distance with a minimum fuel expense are the same as those for
covering the maximm distance with a given weight of fuel, and
the same criterion therefore serves as a measure of comaercial .

economy as well asg of radius of action.

N o P !
ame : Hax., D + .04
U.5.4. 5 8.74
15 8. 55
16 8. 26 '
17 8. 45 B
21 | 8.06
27 _ 8.78
U.8.A.T.S3. 5 . 8.03
10 , 8, 37
13 : 8.09
R.A.F. 8 8.41
t 15 8.11
Gottingsn 387 8. 38

G. GChoice of a Wing Section for Maximum Duration.

Flights of very long duration are selidom of great prectical
value in themselves, bui. the making of a new duration record al-
ways attracts enough interest and serves as a spectacular enough
demonstration so that the requiremerts for securing maximum dura-— !

tion of flight must not be overlooked entirely.
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If it be again assumed that the propeller ard power plant
efficiency are constant the securing of a maximum duration is
simply a metter of cutting down the minirmwr power reGuirsd, as
the welght of fuel which the airplane can 1ift represents & cer—
tain definite number of horsepower hours, and any reduction in
the power makes possible an increase of the number of hours.
It is too obvious to require proof that the possible duration
increases with increase of afea, practically the only limit to
the possible gains in this way being the drop in Proreller effic-
iency as the speed of flight falls off with increasing area.

It has already been shown that the minimum horsepower re-

Quired is secured wit%rthat wing section which gives the largest
0_32 -

—_—
are closely akin to those for maximum climb.

maximm value of The conditions for maximuim duration
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